Introduction {#sec1}
============

Uveal melanoma, originating from melanocyte malignant transformation, is known as a frequent intraocular tumor with high metastasis and poor prognosis and is usually found in people living into old age \[[@cit0001], [@cit0002]\]. Patients diagnosed with liver metastasis usually died within several months, and the high mortality of uveal melanoma patients was mainly due to hepatic metastasis via hematogenous spread \[[@cit0003], [@cit0004]\]. There are miscellaneous treatments available for uveal melanoma by local treatment of the eyeball, including surgical resection of diseased eyeball, radioactive plaque therapy, proton beam radiotherapy, transpupillary thermotherapy and chemotherapy, which had no significant improvement in metastatic and prognosis for patients \[[@cit0005]--[@cit0007]\]. The 5-year survival rate remained poor especially at the disseminated stage in past decades, which is attributed to the lack of effective therapy for metastasis \[[@cit0008], [@cit0009]\]. Therefore, there is a demand to illuminate the underlying metastatic mechanisms of uveal melanoma and to develop more efficient modalities against primary and metastatic uveal melanoma to improve survival of uveal melanoma patients.

Mitogen- and stress-activated protein kinase 1 (MSK1), also called as RPS6KA5, was first identified in 1998 as a protein, and proved to be a serine/threonine kinase that shared homology to the RSK kinase family (ribosomal protein-S6 kinase) \[[@cit0010]--[@cit0012]\]. Importantly, MSK1 is ubiquitously expressed in multiple tissues such as brain, heart, placenta, and skeletal muscles, whose level is high in immune and neuronal cells \[[@cit0013], [@cit0014]\]. Previous studies have shown that MSK1 is activated by estrogens or progestins and is required for breast cancer cell proliferation, whereas Xuan Pu *et al.* reported that high nuclear MSK1 favored longer survival in breast cancer patients \[[@cit0015], [@cit0016]\]. MSK1 knockdown inhibited anchorage-independent growth of Ciras-3 cells and improved their malignant phenotype \[[@cit0017]\]. Overexpression of MSK1 triggered tumor invasion and poor prognosis in colorectal cancer \[[@cit0018]\]. Furthermore, MSK1 was implicated in gastric cancer \[[@cit0019]\] and skin tumor development \[[@cit0020]\]. These studies suggest that MSK1 plays a crucial role in tumor progression via regulating cancer cell proliferation and metastasis. However, the role of MSK1 has rarely been studied in uveal melanoma and the mechanism also remained unclear.

MSK1 is a nuclear protein activated by the ERK1/2 or p38 MAPK pathway which was stimulated by growth factor and cellular stress stimuli \[[@cit0021], [@cit0022]\]. Activated MSK1 phosphorylates various downstream genes including cyclic AMP-responsive element binding protein (CREB) via phosphorylating it at Ser133 \[[@cit0023], [@cit0024]\]. MSK1 has been shown to be essential for CREB phosphorylation due to mitogen stimulation in mouse embryonic stem cells \[[@cit0025]\]. The p38/MSK1/CREB/MITF axis was involved in melanogenesis in human melanocytes stimulated by the stem cell factor \[[@cit0026]\]. Cytokine production in human neutrophils was modulated through the p38-MSK1-CREB signaling cascade \[[@cit0027]\]. TNF activates CREB by phosphorylation on serine 133 via the p38 MAPK/MSK1 axis in endothelial cells \[[@cit0028]\]. These studies indicate the important role of MSK1 in regulating tumor progression through promoting CREB phosphorylation at Ser133 site.

Here, we are intended to investigate the potential role of MSK1 in uveal melanoma. Up-regulated MSK1 was observed in human uveal melanoma tissues compared with normal uveal tissues. MSK1 promotes proliferation and metastasis of uveal melanoma cells. Finally, we clarified the potential underlying mechanism that is strongly associated with the phosphorylation of CREB at Ser133 residues via the MSK1/CREB signaling pathway. The *in vivo* experiment indicated that inhibition of MSK1 suppressed tumor growth. All considered, MSK1 could be a promising candidate for uveal melanoma therapy.

Material and methods {#sec2}
====================

Tissue samples {#sec2.1}
--------------

Thirty patients who were exactly identified with primary uveal melanomas were used in this study. All tumor tissues were operated on enucleation and tissues without local therapy. Tissue samples were collected from the Affiliated Huaian No. 1 People's Hospital of Nanjing Medical University and approved by the Institutional Research Committee. Clinical features for each patient were recorded. The samples were then used for qPCR and western blotting assays.

Cell culture {#sec2.2}
------------

Human uveal melanoma cell lines OCM-1A and MUM-2C were obtained from the Center for Type Culture Collection of China. Cells were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium supplemented with 10% fetal bovine serum (FBS; HyClone, Grand Island, NY, USA) and penicillin/streptomycin (Sangon, Shanghai, China) at 37°C in a 5% CO~2~ incubator. The cell samples were then collected and used for *in vitro* experiments.

Plasmids' construction and transient transfection {#sec2.3}
-------------------------------------------------

A double-stranded oligonucleotide corresponding to the human MSK1 sequence (5′- ATTTCCAAACAAGTCATAGGT-3) was synthesized and cloned into the pBS/U6 vector (Addgene, Cambridge, MA, USA). The plasmid was then used to construct the short hairpin RNA (shRNA) for MSK1 downregulation. Meanwhile, pcDNA 3.1 vector (Addgene) was used for construction of the MSK1 expression plasmid. In addition, the human CREB sequence was cloned into the pcDNA 3.1 vector and then the construct CREB^ser133^ by site-directed mutagenesis. Transient transfection was performed with Lipofectamine 2000 Transfection Reagent (Invitrogen, Carlsbad, CA, USA) as protocols.

Real-time polymerase chain reaction (qPCR) {#sec2.4}
------------------------------------------

RNA extraction of tissue samples and cells was performed using TRIzol Reagent (Invitrogen). 2 μg of RNA was reverse-transcribed into cDNA and the M-MLV Reverse Transcriptase was used (Invitrogen). Real-time PCR was conducted on a CFX96 Real-Time PCR system (Bio-Rad, Hercules, CA, USA). Primers of MSK1 used for amplification were as follows: 5′-CTGGTGGAGTTTGGGTGTTCT-3′ (forward) and 5′-CTCCTGTAGGCAGACAAAACT-3′ (reverse).

Western blotting {#sec2.5}
----------------

Total protein of 50 μg was separated on 12% SDS--polyacrylamide gels and transferred to PVDF membranes, and the membrane was blocked with 5% nonfat milk in Tris-buffered saline (TBS), then incubated with the indicated primary antibodies. Antibodies against MSK1, CREB, pCREB, cyclin B1, cyclin D1, MMP2, MMP9, Fos, Jun and β-actin were obtained from Cell Signaling Technology (Beverly, MA, USA). Secondary antibodies were detected and quantified by ImageJ software (ImageJ version 1.44p, NIH, MD, USA).

MTT assay {#sec2.6}
---------

Cell viability was analyzed by MTT assay. OCM-1A and MUM-2C cells were seeded onto 96-well plates at a density of 5 × 10^3^ cells/well. 10 μl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliumbromide (MTT, 5 mg/ml) was added into each well. Cells were then incubated for another 4 h at 37ºC. The medium was removed and 100 μl of dimethyl sulfoxide (DMSO) was added to each well to resuspend the mitochondrial succinate mediated MTT formazan production. The absorbance of the dissolved formazan was measured at 490 nm with a scanning microplate spectrophotometer. For accuracy and reproducibility, all experimental sets were performed in triplicate and expressed as mean ± SD.

Soft agar colony formation assay {#sec2.7}
--------------------------------

For the colony formation assay, OCM-1A and MUM-2C cells were plated onto 10 cm dishes at a density of 5 × 10^4^ cells per dish. Colonies composed of \> 50 cells were counted 10--14 days after seeding under the microscope (40×). The colonies were then stained for 30 min. 0.5% crystal violet in 20% methanol was used for staining and photographed. All experiments were performed in triplicate wells three times.

Cell cycle analysis {#sec2.8}
-------------------

Flow cytometry was used to determine cell cycle stage. Cell samples were processed with the DNA-PREP Reagents Kit (Beckman-Coulter, Fullerton, CA, USA) according to the manufacturer's instructions and then transferred to an EPICS ALTRA flow cytometer (Beckman-Coulter). The cytometry data were analyzed with MultiCycle software (Phoenix Flow Systems, San Diego, CA, USA).

Wound-healing assay {#sec2.9}
-------------------

Cells were seeded onto 35 mm dishes and a uniform scratch was made using a 10 μl pipette tip. The cells were then incubated for 48 h in a minimum medium. The speed of wound closure at intervals indicated cell motility and images were taken after the scratch was applied.

Cell invasion assays {#sec2.10}
--------------------

The transwell chambers were solidified with Matrigel (BD Biosciences, San Jose, CA, USA) by incubation at 37°C for 6 h. 4 × 10^5^ cells were added into the upper chamber in serum-free RPMI-1640 medium. Meanwhile, medium containing 10% FBS was put in the lower chamber. After 24 h, invasive cells on the lower chamber were stained and counted.

Immunohistochemistry (IHC) {#sec2.11}
--------------------------

Immunostaining of MSK1, pCREB and Ki67 was performed as described before \[[@cit0029]\]. Sections were incubated with MSK1 antibody (1 : 100, SAB4503597, Sigma-Aldrich, St. Louis, MO, USA), pCREB antibody (1 : 100, SAB4504375, Sigma-Aldrich) and Ki67 antibody (1 : 400, \#12202, Cell Signaling Technology). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1 : 1000, Antibodies-online, Aachen, Germany) was then added and incubated for 1 h at room temperature. Chromogenic reaction was performed by adding 3,3′-diaminobenzidine (DAB) (Solarbio, Beijing, China) and counterstaining with hematoxylin for better visualization.

Mouse model {#sec2.12}
-----------

We administered 3 × 10^6^ OCM-1A cells of sh-control or MSK1-shRNA in 100 μl of PBS. Cells were subcutaneously injected into the right groin of female BALB/c nude mice (Beijing Vital River Laboratory Animal Technology Company, China). Tumor volume was calculated on every second day using the equation volume (mm^3^) = (length × width^2^)/2. The mice were then euthanized on post-injection day 14. Tumor masses were weighed and then subjected to western blotting analysis. All animal care and handling procedures were approved by the Institutional Animal Use and Care Committee of The Affiliated Huaian No. 1 People's Hospital of Nanjing Medical University.

Statistical analysis {#sec2.13}
--------------------

All data were shown as mean ± standard deviation (SD). Data were analyzed using either a one-way ANOVA with Bonferroni's correction for comparison of multiple groups or an independent Student's *t-*test for comparison of two groups, as described in figure legends (GraphPad Prism 6.0 software, San Diego, CA, USA). A value of *p* \< 0.05 was considered to be statistically significant (\**p* \< 0.05, \*\**p* \< 0.01 or \*\*\**p* \< 0.001).

Results {#sec3}
=======

MSK1 and pCREB were upregulated in uveal melanoma tissues {#sec3.1}
---------------------------------------------------------

To determine MSK1 expression level in human uveal melanoma tissues, we performed the qRT-PCR analysis and western blotting, respectively. As shown in [Figure 1 A](#f0001){ref-type="fig"}, our data demonstrated that the MSK1 mRNA expression was strongly up-regulated in human uveal melanoma tissues compared with normal uveal tissues. Western blotting analysis showed that the protein expression of MSK1 and phospho-Ser133-CREB (pCREB) was higher in tumor tissues than that in normal uveal tissues ([Figure 1 B](#f0001){ref-type="fig"}). Consistently, IHC results demonstrated deeply stained MSK1 and pCREB in tumor tissues, indicating the enhancement of MSK1 and pCREB protein expression in human uveal melanoma tissues ([Figure 1 C](#f0001){ref-type="fig"}). These findings suggested that MSK1 and pCREB probably play a critical role in development of uveal melanoma.

![MSK1 and pCREB were upregulated in uveal melanoma tissues. **A** -- Increased mRNA expression level of MSK1 in uveal melanoma tissues compared to normal uveal tissues assayed by qRT-PCR. *N* = 30, *p* \< 0.0001 for uveal melanoma tissues versus normal uveal tissues. **B** -- Up-regulated MSK1 and pCREB protein level in uveal melanoma tissues. Protein expression was tested by western blotting. *N* = 4, \*\*\**p* \< 0.001. **C** -- IHC images of MSK1 and pCREB in human uveal melanoma tissues and normal uveal tissue](AMS-16-5-36882-g001){#f0001}

MSK1 facilitates uveal melanoma cell proliferation {#sec3.2}
--------------------------------------------------

Subsequently, MSK1 was overexpressed or knocked down in uveal melanoma cell lines OCM-1A and MUM-2C to explore the role of MSK1 in uveal melanoma cell proliferation. The mRNA and protein expression level of MSK1 in OCM-1A and MUM-2C cell lines confirmed the transfection efficiency ([Figures 2 A](#f0002){ref-type="fig"} and [B](#f0002){ref-type="fig"}). Furthermore, we performed MTT assay and colony formation assay to evaluate whether MSK1 was involved in uveal melanoma cell proliferation. Our results showed that cell viability and clone formation of OCM-1A and MUM-2C cells transfected with MSK1-shRNA were suppressed compared to those transfected with the negative control (NC). In contrast, we found that MSK1 overexpression facilitated uveal melanoma cell viability and clone formation ([Figures 2 C](#f0002){ref-type="fig"} and [D](#f0002){ref-type="fig"}). Additionally, flow cytometric analysis showed that the proportion of OCM-1A and MUM-2C cells in the G0/G1 phase was remarkably decreased by MSK1 overexpression but increased by MSK1 knockdown ([Figure 2 E](#f0002){ref-type="fig"}). Then, cyclin B1 and cyclin D1, two indicators of cell cycle \[[@cit0030]\], were assessed and the results suggested that cyclin B1 and cyclin D1 expression levels were elevated with overexpression of MSK1 and decreased by MSK1 knockdown in OCM-1A and MUM-2C cell lines ([Figure 2 F](#f0002){ref-type="fig"}). These data demonstrated that MSK1 facilitates uveal melanoma cell proliferation.

![MSK1 facilitates uveal melanoma cell proliferation. **A** -- mRNA expression level of MSK1 after transfection with MSK1-shRNA and MSK1 expression plasmid in OCM-1A and MUM-2C cell lines. **B** -- Assessment of MSK1 protein expression level in OCM-1A and MUM-2C cell lines with overexpression or knockdown treatment. **C** -- MTT assay performed to evaluate cell viability of OCM-1A and MUM-2C cell lines. **D** -- Colony formation assay performed to assess proliferation of OCM-1A and MUM-2C cell lines. **E** -- Flow cytometry was used to determine cell cycle stage of OCM-1A and MUM-2C cell lines. **F** -- Protein expression of cyclin B1 and cyclin D1 in OCM-1A and MUM-2C cell lines with MSK1 overexpression or knockdown treatment\
\*p \< 0.05, \*\*p \< 0.01 or \*\*\*p \< 0.001.](AMS-16-5-36882-g002){#f0002}

MSK1 promotes uveal melanoma cell metastasis {#sec3.3}
--------------------------------------------

To evaluate the role of MSK1 in uveal melanoma cell migration, we assessed the horizontal and vertical motility abilities of OCM-1A and MUM-2C cells transfected with MSK1 overexpression or knockdown using conventional wound-healing and transwell chamber assays, respectively. We found that uveal melanoma cells transfected with MSK1 overexpression plasmid demonstrated remarkably increased motile and invasive ability. By contrast, downregulation of MSK1 caused completely opposite consequences compared to the control cells ([Figures 3 A](#f0003){ref-type="fig"} and [B](#f0003){ref-type="fig"}). Previous studies have shown that matrix metalloproteinase-2 (MMP2) and MMP9 promoted tumor invasion and metastasis by degrading extracellular matrices \[[@cit0031], [@cit0032]\]; thus the protein expression of MMP2 and MMP9 were assessed. The results suggested that MMP2 and MMP9 expression levels were increased by overexpression of MSK1 and decreased by MSK1 knockdown in OCM-1A and MUM-2C cell lines ([Figure 3 C](#f0003){ref-type="fig"}). These investigations suggested that MSK1 promotes uveal melanoma cell metastasis.

![MSK1 promotes uveal melanoma cell metastasis. **A** - Images of wound healing and migration distances at 0 and 24 h (100×). **B** -- Cells invading through the transwell chamber were stained and counted (200×). **C** -- Protein expression of MMP2 and MMP9 in OCM-1A and MUM-2C cell lines with MSK1 overexpression or knockdown treatment\
\*p \< 0.05, \*\*p \< 0.01 or \*\*\*p \< 0.001.](AMS-16-5-36882-g003){#f0003}

MSK1 mediates activation of CREB by phosphorylation of Ser133 residues {#sec3.4}
----------------------------------------------------------------------

As previously reported, MSK1 is a nuclear protein that was activated by the ERK1/2 or p38 MAPK pathways and mediates activation of CREB by phosphorylation of Ser133 residues \[[@cit0011]\]. To further clarify the molecular mechanism of MSK1 in uveal melanoma progression, we overexpressed or downregulated MSK1 in OCM-1A and MUM-2C cells, and western blotting was performed to test phosphorylated CREB. We found that overexpression of MSK1 promoted the phosphorylation of CREB and downregulation of MSK1 inhibited pCREB expression in OCM-1A and MUM-2C cell lines ([Figure 4 A](#f0004){ref-type="fig"}). Subsequently, we constructed mutant S133A by using site-directed mutagenesis and detected the expression of pCREB and CREB to confirm the mutation effects by western blotting. There was no obvious expression change of CREB^Ser133^ compared with the control. Furthermore, we examined the expression level of target genes of MSK1 \[[@cit0014], [@cit0033]\]. Mutation of CREB at Ser133 residues abolished the enhancement of Fos and Jun expression ([Figure 4 B](#f0004){ref-type="fig"}). To investigate whether pSer133 of CREB is responsible for MSK1-mediated CREB activation, we co-transfected MSK1 plasmid with CREB^Ser133^ mutant plasmid in OCM-1A and MUM-2C cells. We found that upregulation of MSK1 increased expression of pCREB, but this phenomenon was inhibited by mutation of Ser133 residues. Mutation of S133A weakened the impact of MSK1 on CREB phosphorylation ([Figure 4 C](#f0004){ref-type="fig"}). This indicated that the Ser133 site of CREB is essential for MSK1-mediated CREB activation.

![MSK1 activates CREB by phosphorylation at Ser133 residues. **A** -- Protein expression of CREB and pCREB in OCM-1A and MUM-2C cells with MSK1 overexpression or knockdown treatment. **B** -- Protein expression of CREB, pCREB, Fos and Jun in OCM-1A and MUM-2C cells transfected with CREB plasmid or CREB^Ser133^ mutant plasmid. **C** -- Protein expression of MSK1, CREB and pCREB in OCM-1A and MUM-2C cells transfected with MSK1 plasmid alone, or together with CREB^Ser133^ mutant plasmid\
\*p \< 0.05, \*\*p \< 0.01 or \*\*\*p \< 0.001](AMS-16-5-36882-g004){#f0004}

MSK1 promotes proliferation and metastasis of uveal melanoma cells by phosphorylating CREB {#sec3.5}
------------------------------------------------------------------------------------------

Furthermore, we co-transfected MSK1 plasmid with CREB^Ser133^ mutant plasmid in OCM-1A and MUM-2C cells and performed the MTT assays and colony formation assay. Our results indicated that cell viability and clone formation of cancer cells were facilitated in cells transfected with MSK1 plasmid alone while this effect was abolished after co-transfecting with CREB^Ser133^ mutant plasmid ([Figures 5 A](#f0005){ref-type="fig"} and [B](#f0005){ref-type="fig"}). Similarly, the role of MSK1 mediated activation of CREB (pSer133) on uveal melanoma cell metastasis was determined by wound-healing and transwell chamber assays. Uveal melanoma cells with MSK1 overexpression showed obviously increased motile and invasive ability. However, mutation of CREB reversed this consequence ([Figures 5 C](#f0005){ref-type="fig"} and [D](#f0005){ref-type="fig"}). Thus, MSK1 failed to modulate proliferation and metastasis of uveal melanoma cells as the phosphorylation site at the Ser133 residues was mutated. Our results demonstrated that MSK1 promotes proliferation and metastasis of uveal melanoma cells by phosphorylating CREB.

![MSK1 promotes proliferation and metastasis of uveal melanoma cells by phosphorylating CREB. **A** -- MTT assay performed to evaluate proliferation of OCM-1A and MUM-2C cells transfected with MSK1 plasmid alone, or together with CREB^Ser133^ mutant plasmid. **B** -- Colony formation assay performed to assess proliferation of OCM-1A and MUM-2C cell lines with various treatments. **C** -- Cells invading through the transwell chamber were stained and counted (200×). **D** -- Images of wound healing and migration distances at 0 and 24 h (100×)\
\*p \< 0.05, \*\*p \< 0.01 or \*\*\*p \< 0.001.](AMS-16-5-36882-g005){#f0005}

Inhibition of MSK1 suppresses tumor growth tumor-bearing mice {#sec3.6}
-------------------------------------------------------------

Finally, experiments were performed to verify whether inhibition of MSK1 suppressed tumor growth *in vivo*. Immunodeficient mice were injected with OCM-1A cells stably transfected with MSK1-shRNA (shMSK1) or shNC. Our data demonstrated the tumor weight of the shMSK1 group was lower and the tumor mass grew more slowly than in the shNC group ([Figures 6 A](#f0006){ref-type="fig"} and [B](#f0006){ref-type="fig"}). Results of western blotting suggested that expression of phospho-CREB (Ser133) was downregulated in uveal melanoma tissues of the shMSK1 group ([Figure 6 C](#f0006){ref-type="fig"}). Moreover, the results of IHC displayed slightly stained MSK1, pCREB and Ki67 in the shMSK1 group, which suggested decreased MSK1, pCREB and Ki67 protein expression in uveal melanoma tissues of the shMSK1 group ([Figure 6 D](#f0006){ref-type="fig"}). Taken together, these results indicate that inhibition of MSK1 suppressed tumor growth *in vivo* and substantiate our findings that MSK1 promotes proliferation and metastasis of uveal melanoma cell by phosphorylating CREB.

![Inhibition of MSK1 suppressed tumor growth in BALB/c nude mice. **A** -- Tumor weight of the shMSK1 group of OCM-1A cell line and the shNC group. **B** -- Tumor volume of the shMSK1 group of OCM-1A cell line and the shNC group. **C** -- Protein expression of MSK1, CREB and pCREB of the shMSK1 group and the shNC group. \**p* \< 0.05, \*\**p* \< 0.01 or \*\*\**p* \< 0.001. **D** -- IHC images of MSK1, pCREB and Ki67 in uveal melanoma tissues of shMSK1 or shNC group](AMS-16-5-36882-g006){#f0006}

Discussion {#sec4}
==========

Uveal melanoma is known as a frequent intraocular tumor with high metastasis and poor prognosis. \[[@cit0001]\]. Progression of uveal melanoma is regulated by lots of potentially interesting genes involved in melanogenesis, cell cycle, apoptosis, the MAPK signal pathway, and the P53 pathway \[[@cit0034]\]. Interestingly, in our study, we found that MSK1 expression was remarkably elevated in uveal melanoma tissues. This suggests that MSK1 overexpression contributes to the malignant phenotype in uveal melanoma. We then explored the role of MSK1 in uveal melanoma by overexpression and knockdown strategies in OCM-1A and MUM-2C cell lines. Our data suggested that MSK1 facilitated uveal melanoma cell proliferation by increasing cell viability, enhancing clone formation and caused a decreased cell population in G0/G1 phase, and MSK1 also promoted uveal melanoma cell metastasis in consideration of lifting motile and invasive ability. Further studies demonstrated that MSK1 mediates activation of CREB by phosphorylating at Ser133 residues, which thus accelerates the progression of uveal melanoma. Finally, we found that inhibition of MSK1 suppressed tumor growth in BALB/c nude mice.

MSK1 is predominantly localized to the nucleus and plays a critical role in several physiological processes, including inflammation, neuronal plasticity, and function such as memory formation, learning, and responses to external stimuli \[[@cit0014], [@cit0035], [@cit0036]\]. It is reported to be implicated in several diseases including Huntington, psoriasis and progression of several tumors \[[@cit0024], [@cit0037], [@cit0038]\]. Additionally, 30% of human cancers are associated with abnormal RAS-MAPK signaling and probably related to elevated MSK1 activity \[[@cit0039]\]. Previous studies have shown that MSK1 is essential for proliferation of breast cancer cells \[[@cit0015]\] and malignant phenotype of Ciras-3 cells \[[@cit0017]\]. Overexpression of MSK1 aggravated tumor aggression and poor prognosis in colorectal cancer \[[@cit0018]\]. MSK1 was also implicated in gastric cancer \[[@cit0019]\] and skin tumor development \[[@cit0020]\]. These studies suggest that MSK1 plays a crucial role in tumor progression via regulating proliferation and metastasis of cancer cells. We also confirmed that MSK1 accelerates tumor progression by promoting proliferation and metastasis of uveal melanoma cells.

CREB is a transcription factor which exerts its effect on transcription via interaction with cyclic AMP-responsive elements (CREs) in gene promoters \[[@cit0040], [@cit0041]\]. CREB was activated by MSK1 via phosphorylation at Ser133. \[[@cit0042], [@cit0043]\]. Mutation of the Ser133 site to alanine in the endogenous CREB gene exerts a significant impact on CREB target genes in response to MSK1 activating stimuli \[[@cit0023], [@cit0044]\]. Several studies have highlighted the important role of CREB in tumor progression and implicated its role in acute myeloid leukemia \[[@cit0045]\], acute lymphoblastic leukemia \[[@cit0046], [@cit0047]\], myelomonocytic leukemia \[[@cit0048]\], Hodgkin lymphoma \[[@cit0049]\] and non-small cell lung cancer \[[@cit0050], [@cit0051]\]. Here, we also found the upregulation of p-CREB in uveal melanoma tissues, indicating its role in tumor progression. Particularly, emerging evidence suggests that the regulatory effect of MSK1 mediated by CREB phosphorylation has been related to various biological processes such as melanogenesis in human melanocytes \[[@cit0026]\], cytokine production in human neutrophils \[[@cit0027]\], and the TNF signal pathway \[[@cit0028]\]. Consistently, this underlying mechanism was also verified in our study. Our data indicated that MSK1 mediates activation of CREB by phosphorylation of Ser133 residues and promotes proliferation and metastasis of uveal melanoma cells. However, the detailed molecular mechanism involved in the regulatory effects of MSK1 on CREB is unclear. Thus, further exploration is required to solve this puzzle.

Considering the fact that MSK1 is activated by ERK1/2 or p38 MAPK pathways and can regulate the expression of its downstream target CREB, it is might be an effective linkage between the upstream signaling cascade and the downstream targets such as CREB \[[@cit0023]\]. It is also a promising candidate for uveal melanoma therapy and especially has a tremendous potential role in treatment of cancers in which the MSK1-CREB pathway is abnormally active. Moreover, as knockout mice of MSK1 are viable and fertile \[[@cit0020], [@cit0052]\], deficiency of MSK1 activity probably had no significant negative impact on normal tissue cells.

In conclusion, this study indicated that MSK1 promotes proliferation and metastasis of uveal melanoma cells by phosphorylated CREB at Ser133 residues. Our findings suggested that targeting MSK1 might be a potential strategy for uveal melanoma treatment.
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